We demonstrate burst-mode operation of a polarization-maintaining Yb-doped fiber amplifier capable of generating 60 μJ pulses within bursts of 11 pulses with extremely uniform energy distribution facilitated by a novel feedback mechanism shaping the seed of the burst-mode amplifier. The burst energy can be scaled up to 1 mJ, comprising 25 pulses with 40 μJ average individual energy. The amplifier is synchronously pulse pumped to minimize amplified spontaneous emission between the bursts. Pulse propagation is entirely in fiber and fiber-integrated components until the grating compressor, which allows for highly robust operation. The burst repetition rate is set to 1 kHz and spacing between individual pulses is 10 ns. The 40 μJ pulses are externally compressible to a full width at halfmaximum of 600 fs. However, due to the substantial pedestal of the compressed pulses, the effective pulse duration is longer, estimated to be 1.2 ps. © 2012 Optical Society of America OCIS codes: 060.2310, 060.2320, 140.3425, 270.2500 There is much interest in fiber amplification of ultrashort pulses, which offers practical advantages, such as low cost, highly robust operation, and high-gain amplification [1, 2] . These aspects are particularly important for industrial material processing, where fiber lasers are poised to make a significant impact. The majority of ultrafast laser systems generate pulse trains consisting of nominally identical pulses, which are equally spaced in time. There is an interesting alternative, where the laser amplifier produces a group or burst of a limited number of high-repetition-rate pulses, and this burst itself is repeated at a much lower repetition rate [3] [4] [5] [6] [7] [8] [9] [10] [11] . In addition to several niche applications, including laser systems in accelerators [7, 8] , combustion diagnostics [9] , flow measurements in aerodynamics [10] , Thomson scattering experiments [11] , and photoacoustic microscopy [12] , this mode of operation possess great potential for ultrafast material processing [3, 5, 6, 13] , where a burst of closely spaced pulses can have an effect similar to that of a single pulse of energy equal to that of the entire burst [5] . In [6], the authors report sixfold increase in material ablation rates when six lower-energy pulses separated by 20 ns are used compared to a single pulse with energy equal to the sum of the burst. Similar results can be expected in tissue processing. In addition, burst-mode operation allows an additional degree of freedom to optimize material ablation while keeping thermal effects minimized. Thermal effects depend predominantly on the average power used, while material ablation depends on the peak power. Strength of the thermal effects can be controlled through the burst repetition rate, while ablation efficiency can be kept high through the use of high-repetition-rate and high-energy pulses within the burst. To date, burst-mode laser systems have relied on solid state lasers. Recently, we demonstrated the first high-energy, synchronously pulsedpumped, burst-mode fiber laser [4] with 20 μJ per pulse and 250 μJ per burst. However, gain within the burst could not be fully controlled, resulting in large variations in pulse energy.
There is much interest in fiber amplification of ultrashort pulses, which offers practical advantages, such as low cost, highly robust operation, and high-gain amplification [1, 2] . These aspects are particularly important for industrial material processing, where fiber lasers are poised to make a significant impact.
The majority of ultrafast laser systems generate pulse trains consisting of nominally identical pulses, which are equally spaced in time. There is an interesting alternative, where the laser amplifier produces a group or burst of a limited number of high-repetition-rate pulses, and this burst itself is repeated at a much lower repetition rate [3] [4] [5] [6] [7] [8] [9] [10] [11] . In addition to several niche applications, including laser systems in accelerators [7, 8] , combustion diagnostics [9] , flow measurements in aerodynamics [10] , Thomson scattering experiments [11] , and photoacoustic microscopy [12] , this mode of operation possess great potential for ultrafast material processing [3, 5, 6, 13] , where a burst of closely spaced pulses can have an effect similar to that of a single pulse of energy equal to that of the entire burst [5] . In [6] , the authors report sixfold increase in material ablation rates when six lower-energy pulses separated by 20 ns are used compared to a single pulse with energy equal to the sum of the burst. Similar results can be expected in tissue processing. In addition, burst-mode operation allows an additional degree of freedom to optimize material ablation while keeping thermal effects minimized. Thermal effects depend predominantly on the average power used, while material ablation depends on the peak power. Strength of the thermal effects can be controlled through the burst repetition rate, while ablation efficiency can be kept high through the use of high-repetition-rate and high-energy pulses within the burst. To date, burst-mode laser systems have relied on solid state lasers. Recently, we demonstrated the first high-energy, synchronously pulsedpumped, burst-mode fiber laser [4] with 20 μJ per pulse and 250 μJ per burst. However, gain within the burst could not be fully controlled, resulting in large variations in pulse energy.
Here, we report on the use of an advanced preshaping method, which allows us to achieve less than 2% variation in pulse energy within the burst, limited by noise in the detection electronics, while at the same time scaling up the individual pulse energy to 60 μJ and the burst energy to 660 μJ at 1 kHz. We further demonstrate the possibility of generating bursts with total energies of 1 mJ, limited by available peak pump power, comprising 25 pulses each with 40 μJ average energy and <7% variation in pulse energy. These pulses are externally compressed to an effective pulse width of 1.2 ps.
The experimental setup ( Fig. 1) consists of an allnormal dispersion laser oscillator [14] , seeding three stages of core-pumped fiber preamplifiers and a doubleclad fiber power amplifier, as well as synchronized pulse picking and pulsed-pumping electronics. Details of the setup not provided here can be found in [4, 15] . The fiber oscillator operates at a repetition rate of 100 MHz and outputs 85 mW, centered at 1035 nm. The oscillator output is polarized with an in-line polarization beam splitter, followed by polarization-maintaining (PM) components. The seed pulses, with a bandwidth of 19 nm, are stretched to 360 ps in a 450-m-long PM fiber. The signal is amplified to about 600 mW by two stages of preamplifiers, which are pumped continuously at 976 nm, each with 450 mW. This is followed by a fiber-integrated acousto-optic modulator (AOM), which impresses the desired pulse burst mode. The AOM has 2.3 dB insertion loss, 50 dB extinction, and rise and fall times of 6 and 8 ns, respectively. The bursts are amplified in the third preamplifier and thereafter the power amplifier, which are both pumped by pulsed sources in synchrony with the signal burst. Two arbitrary waveform generators (AWGs) and a field programmable gated array (FPGA) circuit are used to drive the AOM and the pulsed pump diodes. The FPGA circuit is triggered by the oscillator signal and, in turn, it triggers the AWGs that drive the AOM and the pump diodes. In this way, phase locking of the pump drive signals and the AOM gate signal to the seed signal minimizes the jitter of the pulses inside the burst and facilitates the homogenization of the energy distribution within the burst. For the power amplifier, backward pumping delivered through bulk optics is utilized and the gain fiber is kept short to help minimize the effective nonlinearity and keep the gain peak around 1030 nm.
During high-energy operation, depletion of the gain during the burst becomes considerable, leading to significant variation in pulse energy across the burst. The variation across the burst can be partially offset by modulating the input burst signal through the AOM such that the net gain times the launched pulse energy is nearly constant. Further homogenization of the individual pulse energy inside the burst is possible by optimizing the ramp signal applied to the AOM. It is evident that, by impressing a complex variation on the launched burst, one can obtain an arbitrarily uniform amplified pulse train at the cost of decreased efficiency, the extent of which increases for longer burst duration. To this end, we have developed an optimization algorithm to obtain a systematic method of pulse-energy homogenization for a burst of arbitrary duration. The algorithm starts by assigning a trial ramp signal, then, based on the resulting amplified burst, the transmittance values through the AOM are finely adjusted for individual pulses, starting from the last pulse and scanning until the earliest pulse. Next, the standard variation is calculated for the burst shape obtained. This procedure is repeated a number of times until no appreciable improvement in the standard deviation is obtained. We present the amplified pulse train for a modest 150 μJ burst with no precompensation in Fig. 2(a) to illustrate the importance of precompensation. Using the precompensation algorithm, we obtain our highest energy per pulse of 60 μJ for a burst duration of 660 ns, which contains 11 pulses [ Fig. 2(b) ]. The measured standard deviation with respect to the mean pulse energy is <2%, a remarkable improvement compared to 116% for the uncompensated case [ Fig. 2(a) ] with much lower energy. The total burst energy is 660 μJ and the average output power is 660 mW. This corresponds to a pump-tosignal conversion of 48% with respect to coupled pump power and the net gain of 28 dB for the final stage amplifier. The amplified spontaneous emission (ASE) content in the final output is estimated to be about 2.5% based on simulations and experimentally confirmed to be definitely below an upper limit of 10%, obtained by applying the same pump power with no signal.
In order to extract even higher burst energy from the system and test the limits of our system, the burst duration has to be increased. This is because the system is currently limited by available pump energy, in terms of peak pump power physically and in terms of pump pulse duration to limit ASE formation, and the preamplifier stages are also operated close to their limits. Increasing the number of pulses within the burst, hence the burst duration to 250 ns, we obtain 775 mW, corresponding to 775 μJ of burst energy at 1 kHz. As for preshaping to homogenize the pulse energy inside the burst, it becomes increasingly difficult for longer bursts containing larger number of pulses and the cost, paid in terms of decreased efficiency, increases significantly. Nevertheless, we still obtain a high degree of uniformity of <5% [ Fig. 2(c) ]. Finally, we push for maximum burst energy, while keeping acceptably uniform pulse energy. We obtain 1 W output power, corresponding to an amplified burst energy of 1 mJ at 1 kHz, with 40 μJ individual pulse energy with 25 pulses in each burst [ Fig. 2(d) ]. The pumpto-signal conversion is 50% and the signal gain is 30 dB. As a result of a compromise between total burst energy and uniform distribution of pulse energy, the pulse train in Fig. 2(b) reflects a <7% homogenization level. Further increases in burst energy would result in sharply increased pulse-energy variation within the burst. It seems, however, possible to increase the burst energy at fixed burst duration by employing higher peak power pumping.
The amplifier, with its large nonlinear phase shift and third-order dispersion (TOD) mismatch, operates deep in the nonlinear chirped-pulse amplification regime [16, 17] and the nonlinear phase shift for the power amplifier at 40 μJ pulse energy is estimated to be 16π through numerical simulations based on the method described in [18] . The highly uniform 40 μJ pulses with 1 mJ total burst energy are compressed in an external grating compressor. The autocorrelation result in Fig. 3(b) shows the presence of a significant pedestal due to residual TOD and self-phase modulation. The effective pulse duration is estimated to be 1.2 ps, based on an inferred pulse shape, retrieved using the PICASO algorithm [19] and the autocorrelation and optical spectrum measurements.
In conclusion, we report on record-high individual pulse energy of 60 μJ within bursts of 660 μJ total energy, as well as record-high pulse-energy extraction of 1 mJ per burst from a synchronously pumped Yb-doped fiber amplifier. To the best of our knowledge, these pulse energy and pulse-energy extraction results represent record highs. The individual pulse-energy level is sufficiently high for a large range of likely applications, ranging from material processing to use as photoinjector lasers in accelerator facilities to lidar systems. We demonstrate the successful implementation of a novel feedback mechanism based on the amplifier output and acting on the AOM used for preshaping the burst pulse train to obtain extremely uniform pulse energy (variations of <2% in pulse energy within the burst, limited by the detection electronics). Given the relative simplicity of the amplifier, including its nearly all-fiber-integrated design, and its reliance on standard, off-the-shelf fibers, we believe that it is an attractive alternative to solid state lasers for material processing. The latter systems routinely produce 1 mJ and higher pulse energies and traditional fiber lasers are limited to a few tens of microjoules in energy, which limits their application. It has been argued theoretically and demonstrated experimentally that bursts of pulses behave practically like a single pulse in material processing when the pulse-to-pulse separation is 10 ns or less [5] . Consequently, the present system might offer the performance comparable to a 1 mJ laser system in material processing, with many practical advantages due to its reliance on fiber technology. and retrieved (red dashed curve) autocorrelation of the dechirped pulses at the same energy level. Inset: retrieved pulse shape using the PICASO algorithm based on the autocorrelation and spectrum measurements.
